Introduction
The DNA sequence diversity revealed by restriction-site mapping offers population geneticists the opportunity to explore questions associated with specific enzyme polymorphisms that have been the target of intense study. Irrespective of the issue of enzyme polymorphism, studies of the A& ( Aquadro et al. 1986)) white (Langley and Aquadro 1987; Miyashita and Langley 1988) , Notch (Schaeffer et al. 1988) , hsp70 (Leigh Brown 1983) , Amy , and rosy regions in the Drosophila melanogaster genome have established a recurrent pattern of single base substitution, small insertion-deletion variation, and large insertions typical of mobile genetic elements. Each category of variation appears to possess a characteristic frequency spectrum, with extensive polymorphism of single base substitutions, lower frequency polymorphism of the small insertion-deletion events, and the observation that individual large insertions are always recovered as unique events, never as polymorphisms (see Golding et al. 1986 ). The pattern of restriction-map variation associated with the regions coding for allozyme variants has the potential to contribute to our understanding of these polymorphisms in several ways. First, the pattern of linkage disequilibrium across the region of DNA spanning a polymorphism defines the physical limits over which non- random associations persist. This establishes the genetic distance over which we may expect cis-acting regulation and flanking gene loci to appear nonrandomly associated with an electrophoretic polymorphism (Aquadro et al. 1986; Langley et al. 1988 ).
Both Adh and Amy allozyme variants show linkage disequilibrium with flanking restriction-map polymorphism, and this can extend as far as kilobases from the site of the amino acid replacement (or coding region, if that specific site is unknown). These associations must potentially confound the study of fitness relationships associated with allozyme polymorphisms.
Second, through the analysis of activity variation and restriction-site variation, it is possible to identify potential c&acting sequence variants that associate with within-allele or line regulatory variation (Aquadro et al. 1986; Langley et al. 1988) . Last, restriction-map variation permits the exploration of genealogical relationships among gene copies. When juxtaposed with the enzyme polymorphism, the geographic distribution offers the opportunity to reject historical hypotheses associated with the origin and spread of a polymorphism.
This information has been important in deciphering the population genetics of the human sickle cell polymorphism (Chebloune et al. 1988) , the t locus in Mus (Silver et al. 1987) , and the ADH locus in D. melanogaster ( Aquadro et al. 1986; Hudson and Kaplan 1986; Kreitman and Aguade 1986; Hudson et al. 1987 ).
The glucose-(j-phosphate dehydrogenase (G6PD) polymorphism has emerged over the past 20 years as the focus of a number of population (Bijlsma and Van Delden 1977; Cavener and Clegg 198 1; Oakeshott et al. 1983; Eanes et al. 1985; Eanes and Hey 1986) , biochemical (Steele et al. 1968; Bijlsma and Van der Meulen-Bruijns 1979; Hori and Tanda 1980; Williamson and Bentley 1983; Ganguly et al. 1985; Fouts et al. 1988) , and regulatory (Laurie-Ahlberg et al. 1980; Miyashita and Laurie-Ahlberg 1984) studies. The G6PD electrophoretic polymorphism genetically maps to 62.9 on the X chromosome (Eanes 1983 ) and has been placed cytologically at band 18F (Ganguly et al. 1985) . The two common electrophoretic variants, designated A and B, separate by molecular size under electrophoresis (A is a dimer, and B a tetramer ; Steele et al. 1968) , and both in vivo and in vitro studies indicate that A has significantly lower activity (Eanes 1984; Eanes and Hey 1986) . These activity differences support the hypothesis that this could constitute a polymorphism for pentose shunt function. The G6PD locus has been cloned by Ganguly et al. ( 1985) and Hori et al. ( 1985) , and the nucleotide sequence and intron-exon structure of the gene have been described based on genomic and cDNA clones (Fouts et al. 1988) .
There is marked geographic variation in G6PD allele frequencies. A global study of allele frequency variation shows reciprocal latitudinal clines in Northern and Southern Hemispheres (Oakeshott et al. 1983) ) as well as large continental differences in allele frequency. African populations have predominantly the B allele, European populations mostly have the A allele, and North American populations segregate for a spectrum of frequencies.
In this report we begin our analysis of the G6PD polymorphism by using data from six-cutter restriction mapping to describe the sequence diversity and its geographic pattern that are associated with 126 lines of D. melanogaster sampled from five localities on three continents. The electrophoretic allele carried by each line was determined by starchgel electrophoresis as described by Eanes and Hey ( 1986) . From each line, DNAs were prepared by the method of McGinnis et al. ( 1983) ) and each was cut with eight six-cutter restriction enzymes listed in figure 1. Digested samples were separated by electrophoresis in 0.8% agarose gels, and the separated fragments were transferred to nylon filters. Probe DNAs were labeled with 32P by either nick-translation or random primer extension ( Feinberg and Vogelstein 1983 ) . Hybridizations were carried out overnight at 42°C. The filters were washed as recommended in the manufacturers protocol and were autoradiographed. The phage clone, designated hDmG2 1 and spanning 13 kb of the G6PD region, was obtained from Dr. Jerry Manning.
Material and Methods

The
The restriction map of this clone has been described by Ganguly et al. ( 1985 ) .
To clone the unknown 12.5kb insertion i, a library was made in hEMBL4 from EcoRI-digested genomic DNA from line CC3. DNA for cloning was size selected for an expected 1 l-17-kb fragment bearing the insertion.
The resultant plaques were screened with the 3.9-kb EcoRI-EcoRI fragment from hDmG21 that had been gelpurified. This is the fragment into which the unknown insertion was localized by restriction mapping.
In situ hybridizations with known and unknown insertions were carried out using dUTP-biotinylated DNA probes according to the methods described by Montgomery et al. (1987) .
Results
Overall Variation
Using the hDmG2 1 probe we recognize three types of restriction-map variation within the 13-kb G6PD region. As is typical in such studies, we observe gains and losses of restriction sites, small insertion-deletions of several hundred base pairs, and, finally, large insertions several kilobases in length. Some restriction-site variation is detectable for the distal sites of fragments extending beyond the region hybridizing to the hDmG2 1 probe. Figure 1 summarizes the distribution of variation within the 13-kb region, as well as several sites and features recognized outside the region which also serve as useful markers. The original restriction map as determined by Ganguly et al. ( 1985) and Hori et al. ( 1985 ) is depicted. The structure and orientation of the G6PD gene has been described by Fouts et al. ( 1988 ) . The gene consists of four exons coding for 523 amino acids. The first exon codes for fewer than six amino acids and is separated from the second exon by an intervening sequence of -2.8 kb. Exons 2 and 3 and exons 3 and 4 are separated by small intervening sequences of only 6 1 and 63 bases, respectively.
The scale (in kilobases) used to denote positions in figure 1 sets the start of the cDNA sequence at zero. Table 1 shows the haplotypes found and their locality.
Population Allele Frequencies
As do other studies of worldwide allele frequency variation (Oakeshott et al. 1983 ), we observe substantial differences in A and B electrophoretic variant frequencies among these populations.
In screening more than 3,9 16 and more than 462 chromosomes from the Mt. Sinai, New York and Watsonville, California localities, re- variation associated with the G6PD region. The original map of hDmG21 by Ganguly et al. ( 1985) is depicted, and the limits of the G6pd gene are determined on the basis of data of Fouts et al. ( 1988) . The scale is expressed in kilobases, with the start of the cDNA sequence set at zero. Polymorphic restriction sites are denoted by a filled circle attached to the sites designated by lowercase letters (a-s). The limits of the observed insertions are shown. Uppercase letters denote the restriction sites for AvaI (A), BumHI (B), BglII (G), PstI (P), EcoRI (R), Sal1 (S), SstI (T), and XhoI (X). The restriction sites for PstI and AvaI have not been determined for insertion i.
spectively, we estimate the DPF (New York) and CC (California) populations to be 16% and 46% A, respectively (Eanes and Hey 1986) . In 98 isofemale lines screened from the Botswana collection (OK), only a single A allele ( 1%) was recovered. In Europe the A frequency for 66 isofemale lines (4 1 from Germany and 25 from France) was estimated as 85%, and a second electrophoretic allele, possessing slightly faster mobility (designated AFI ) had a frequency of -1 OS, the B allele frequency being 5%.
Restriction-Site Polymorphism
Among the 122 lines screened (five lines could not be completely characterized because of large insertions) using the eight six-base recognizing enzymes, five restrictionsite polymorphisms are observed out of 28 total sites present within the 13-kb DmG2 1 region. Two other restriction-site polymorphisms could be unambiguously identified in the flanking regions not covered by the probe. Site variation differed between the continents. The North American lines showed three variable restriction sites (including sites a and j ) , while the African lines showed five polymorphic sites. The European lines displayed only the single polymorphic Sal1 site r at +9.5, and that site was restricted to the German and French chromosomes. Most polymorphic sites are limited to a small number of lines and appear restricted to a particular geographic region. The two exceptions were the BgZII site detected at -7.4 in the left flanking region and the AvaI/ XhoI site at + 11.2. These were the only two sites to segregate at intermediate frequencies in North America and Africa, and they were not present in Europe.
The observed restriction-site polymorphism can be used to estimate the pernucleotide heterozygosity for this region. Using the approach of Nei and Li ( 1979) and Nei and Tajima ( 198 1) we estimate Z, which is the average pairwise genetic distance or the proportion of heterozygous sites between randomly sampled allele copies. A second parameter used to characterize nucleotide heterozygosity is 0. Under a Wright-Fisher model (Ewens 1979) ) 8 = ~N,cL, where N, and p are the effective population size and neutral mutation rate (per base), respectively. This parameter will approximate the per-base heterozygosity when 8 6 1, since its expected value is e/( 1 + 0). Hudson ( 1982) has presented an estimator of 8 and its variance (under either the assumption of free or the assumption of no recombination). Restricting our analysis to the 13-kb G6PD region defined by the XDmG21 clone, we observe five variant sites out of 28 total sites in 122 lines, and we estimate z as 0.00065 and 8 as 0.0035 + 0.00 18 (SD assuming no recombination), respectively. A discrepancy between these values will arise if the site frequency distribution deviates from that expected under the Fisher-Wright neutral model. 
Small Insertion-Deletion Variation
There were five small insertion-deletion sites estimated to be 120-300 bp in length. Size changes smaller than this will likely go undetected. Sites b, c, and d constitute widespread polymorphisms.
Large Insertions
Twenty lines show large insertions of 4.2-l 2.5 kb in the G6PD region. These appear to be the result of at least six independent insertion events, since three specific types of insertion have been multiply recovered. All the insertion-deletion variation of both size classes is confined to two regions: one -2-kb region in the right half of intron I and another 2-kb region at +5.8 to +7.0.
Insertion e is a 4.2-kb insert recovered in the intervening sequence in eight of 25 lines from both German and French populations. This insertion has been cloned from the same site in a Japanese line by Dr. S. Hori (personal communication). The clone restriction map corresponds very closely to the map inferred from our lines. This clone associates strongly, by in situ hybridization, with the G6PD site in European lines possessing the insertion. We also observe this clone to hybridize to the chromocenter as well as to several varying sites in the euchromatin. A second large 12.5-kb insertion (i) is observed in seven of 65 North American lines. We cloned this insertion from line CC3 and observe that it hybridizes in situ to the chromocenter as well as to a low number of variable euchromatic sites. Neither of these high-frequency insertions possesses a restriction map reminiscent of the 30 published elements listed by Finnegan and Fawcett (1986) .
Three lines (CC38, CC1 3, and CC 11) in North America show -5-kb insertions (sites k and q) in the 3' region of the intron I. Each possesses restriction sites consistent with being an F element (Dawid et al. 198 1) . These insertions were not cloned, but an F element-bearing pDm 10 1 clone (Dawid et al. 198 1) hybridizes in situ at the G6PD site (region 18F) of each of the three lines, arguing for the presence of an F element in this region. Line CC27 possesses a large IO-kb insertion (site r) in the same region as is projected for the proposed F element insertions. This insertion is associated with a 40% drop in G6PD activity (W. F. Eanes, L. Katona, and M. Longtine, un- published results) and with a restriction map consistent with the roo or B104 element (Scherer et al. 1982) . A BI04-bearing clone [cloned from the white locus by Z. Zachar (Zachar and Bingham 1982) ] hybridizes strongly to this site. We propose that this insertion is the B104 transposon.
These elements have been shown by in situ hybridization to several inbred lines to be present in 30-70 copies/ haploid genome and are the two most common transposable elements in the euchromatin (J. Hey and W. F. Eanes, unpublished results) .
Lines DPFSB and DPF26B show a second homologous region outside the region covered by the DmG21 probe. This region appears as fragments in addition to the normal fragment array for digests with MI, SalI, BamHI, and PstI, while XhoI, EcoRI, BglI, and AvaI also show consistent size increases. These observations place the region approximately at site h in figure 1. The 3-kb SalI-Sal1 fragment spanning exon I of G6PD hybridizes strongly to the extra fragments. This suggests that the region is duplicated for G6PD and that it may be a pseudogene.
Linkage Disequilibrium
Nonrandom associations between site variants were examined only in the DPF lines, since this was the largest collection to be segregating for the G6PD polymorphism; and the pooling of haplotype data across collections will potentially inflate d&equilibria because of covariance in site frequencies ( Cavalli-Sfvorza and Bodmer 197 1) . Furthermore, estimates were limited to those polymorphisms segregating at intermediate frequencies sufficient to provide reasonable statistical tests of association. Because of the low heterozygosity in the region, only four sites (a, b, c, and d) including the G6PD polymorphism were judged informative. Since the traditional measure of linkage disequilibrium, D , has its maximum attainable value determined by allele frequencies, we also computed the squared correlation, r2, as a relative measure of association (Hill and Robertson 1968) . Significance was determined by the x2 statistic with 1 df. Table 2 presents the estimates of D and r2 between these five polymorphic sites. The G6PD polymorphism is in statistically significant linkage disequilibrium with three of the four sites, including site a ( y2 = 0.172, P < 0.0 1 ), which is -10 kb from the likely site of the allozyme polymorphism (exons 2-3). Site d, likely the closest site to the allozyme site, is in very strong disequilibrium ( r2 = 0.770, P < 0.00 1).
Discussion
The use of restriction mapping via six-cutter enzymes offers a low-resolution image of the DNA sequence variation, but it clearly reveals the large insertion-deletion variation for the region around the G6pd locus. The unique aspects of variation in the G6PD region are the relatively low level of base-pair heterozygosity, the clustering of small insertion-deletions and large insertions at positions + 1.2 to +2.9 and +5.9 to +7.0, and the segregation of two large insertions at relatively high frequencies.
Compared with the heterozygosity estimates of other genomic regions recently examined in Drosophila melanogaster via restriction mapping, the 13-kb G6PD region (at 0.065%) has the lowest heterozygosity yet reported. Unfortunately, objective statistical comparison with other regions is confounded by heterogeneity in geographic sampling and by the large stochastic variance associated with measures such as 8. Furthermore, the direct estimate of heterozygosity (as '71: = 0.00065 ) for this region is much smaller than the indirect estimate, 0 = 0.0035 * 0.00 18 (this assumes no recombination).
This discrepancy arises because in the G6PD region none of the variant restriction sites segregate at intermediate frequencies in any population.
There are several studies in which heterozygosity has been estimated for worldwide collections of gene copies. These gene copies include the white locus at 1.1% heterozygosity (Langley and Aquadro 1987) , Amy at 0.8% heterozygosity , and Notch at 0.5% heterozygosity (Schaeffer et al. 1988) . While the observed heterozygosity is the lowest yet reported, the estimates of 0 are not significantly different from G6PD.
The low level of heterozygosity revealed by six-cutter restriction enzymes offers little statistical power to test the a priori hypothesis that one G6pd allele possesses less base variation, as has been shown for the Adh Fast allele in a number of studies (Kreitman 1983; Aquadro et al. 1986 ; Keitman and Aguade 1986) and as has been used to argue for the recent derivation of that allele. Using our eight endonucleases, we estimate that we recognize fewer than 93 "site equivalents" (Kreitman and Aguade 1986) in the entire 1,569-base coding region. Therefore, we do not yet possess a good estimate of heterozygosity for the G6pd locus. It should be pointed out that Fouts et al. ( 1988) sequenced both a genomic copy of the region from Oregon-R and a cDNAderived sequence from Canton-S. Both strains carry the A allele, and three nucleotide substitutions were observed (all in synonymous sites) in 1,569 total bases. This level of heterozygosity (n: = 0.0019) is the same as that observed between Fast alleles at Adh (Kreitman 1983) . Clearly this hypothesis will require a finer level of resolution, focusing on the coding region and using either four-cutter analysis or DNA sequencing.
The clustering of large insertions has been observed in the Adh (Aquadro et al. 1986 ) and hsp70 regions (Leigh Brown 1983) . What is unique is that the most extensively disrupted portion of the region corresponds to the right side of the first intervening sequence of the G6PD gene. Insertions here lead to a doubling of the genomic region specifying G6PD. While many transposon insertions within introns of cloned mutants have been recovered because they disrupt gene expression (see Kidd et al. 1983; Levis et al. 1984) , it would appear that in some instances the insertion of large elements into introns is possible without significant consequence on fitness (or function).
For natural populations, Miyashita and Langley ( 1988) show two locus. The present study shows intron-associated insertion at unprecedented high frequencies in natural populations.
A final significant observation is that two insertions appear to reach high frequencies across geographic areas. The frequency of the 4.2-kb e insertion is estimated at 32% in Europe and appears to be common in Japanese lines (S. Hori, personal communication).
The 12.5kb i insertion is seen in 11% of the North American lines. Both insertions are similar to a small but variable number of euchromatic sites as well as to the chromocenter.
It is not known whether these constitute (a) members of the different structural classes of mobile elements described by Finnegan and Fawcett ( 1986) or (b) something different. Nevertheless, published studies so far have emphasized that individual large insertions are present at low frequencies, consistent with deleterious selection against transposon insertion (Golding et al. 1986 ) . These insertions in the G6PD region represent important exceptions to this observation. We do not know whether these insertions (a) represent repeated insertion events into the same or very close to the same site or (b) are identical by descent. This is an important question that can be addressed by more detailed molecular sequencing. Finally, it is possible that these common insertions constitute ancestral states and that the deleted state is derived. This can be examined by comparison of the region in D. simulans.
Of the other five insertions (h, k, q, r, and s) observed, three appear to be F elements and one the B104 element. Both elements possess high copy number and have been repeatedly observed as the cause of visible mutations in the D. melanogaster genome (see Kidd et al. 1983; O'Hare et al. 1983; Swaroop et al. 1985) ) and they were also reported in the study of the Adh region ( Aquadro et al. 1986).
Although we do not yet know the site of the amino acid substitution responsible for the A/B difference, there is covariance of site variation with the G6PD alleles. There is little sharing of haplotypes between alleles, and strong linkage disequilibrium is observed where it is statistically appropriate to examine. For example, 70 of the 7 1 B alleles from both North America and Africa (CC 18 is the exception) lack the small deletion (site d), and most lack the second deletion (site c) seen in intron I in A variants. These deletions probably arose in an A-bearing haplotype and, because of low recombination, have had little time to reach equilibrium in the B allele. Even the single A allele (line OK70A) collected in the Botswana locality possesses both the c and d deletions.
One hypothesis for the establishment of the G6PD polymorphism and allele frequency cline in North America would involve multiple recruitment and mixing from both the African and European populations, each with its very different allele frequencies (this could contribute to the linkage disequilibrium discussed above). Recently, David and Capy ( 1988) whose frequency averages 5%-l 5% in Europe, from a survey of more than 15,000 chromosomes screened in North America (Eanes and Hey 1986) , also argues against any significant contribution.
On the other hand, the three site polymorphisms (1, m, and n) seen in the African B alleles were also not seen in North American samples, although the polymorphic a and j sites are held in common by Africa and North America, and both are missing in Europe. It is possible that the Botswana locality sampled here is not typical of west African regions which are more likely to be sources of New World introduction.
It is reported that among European and North American populations there is little population structuring, and the haplotype data presented here and in earlier studies certainly support this proposition with regard to North America (Kreitman and Aquade 1986; Miyashita and Langley 1988) . However, African populations are more genetically structured than are European populations (David 1982) , suggesting significant evolutionary divergence within the sub-Saharan region. The Botswana collection possesses a high-frequency endemic 3L inversion (at 22% and 38%) and lacks the cosmopolitan P inversion. There is also an X-linked inversion polymorphism unique to this region ( W. F. Eanes, J. Hey, and C. Wesley, unpublished results). Further speculation must await a systematic analysis of those regions on the west coast of Africa that most likely are the source of New World populations. These studies are in progress.
